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Study  region:  Yizre’el-Harod-Bet  She’an  valley,  Lower  Galilee  and  Golan  Heights,  Israel.
Study  focus:  Identiﬁcation  of  pure groundwater  that  inﬁltrated  the  widespread  alkali  olivine
basalts in the  replenishment  areas  of  the  study  region.
New hydrological  insights  for  the  region:  The  groundwater  is characterized  by  equivalent
ratios  such  as  Na/Cl  > 1; Na/HCO3− < 1;  SO42−-fraction  < 0.1;  HCO3−/(Ca  +  Mg + Na)  ≥  0.7;
HCO3−/(Ca  +  Mg)  > 1; 1000Br/Cl  in  the  range  of 1–2.5;  34Ssulfate <  5‰  (CDT).  Bowl-shaped-
normalized  REY  distribution  patterns  are  indicative  for recharge  over basaltic  outcrops.
These  aquifers  are  recharged  not  only  by  direct  precipitation  on  volcanic  exposures  but also
by water  from  underlying  conﬁned  limestone  aquifers.  Groundwater  from  the  limestone
aquifers  is characterized  by  Na/Cl  < 1; HCO3−/(Ca +  Mg)  <  1; HCO3−/(Ca + Mg  + Na)  <  0.7;
1000Br/Cl  in the  range  of  1.6–10;  34Ssulfate range  from  20 to  25‰ (CDT).  The  wide  spread  of
these  parameters  characterizes  mixing  of groundwater  from  both  limestone  catchments
and  aquifers  in  different  stages  of hydochemical  evolution.  The  REY  patterns  of these
groundwaters  resemble  those  of  limestones.  If  34Ssulfate and/or  REY  distribution  patterns
are  not  available,  the  unmixed  water  from  basaltic-rock  aquifers  show  up  in  the  ﬁeld of
HCO3−/(Ca  + Mg) > 1 and  HCO3−/(Ca + Mg  + Na +  K)  >  0.7. Application  of  these  parameters  to
analyses  showing  only  the  main  constituents  of groundwater  reveals  that in the  study  area
the contribution  of unmixed  groundwater  from  basaltic  catchments  is  largely  restricted  to
the  Golan  Heights.  Mixing  of  groundwater  by  interaquifer  ﬂow  is  a common  phenomenon
all  over  the  area.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY license  (http://creativecommons.org/licenses/by/4.0/).
. Introduction
When attempting to deﬁne the hydrological properties of volcanic rocks, two  main groups are immediately sorted
ut—sequences of hard basalt ﬂows and accumulations of tuffs and scoria. The hydrological properties of the latter are
imilar or close to those of coarse clastics and gravel. Contrarily, groundwater ﬂow through sequences of hard basalt is
sually characterized by very low hydraulic conductivities (10−8–10−13 m/s) because the pores, generated by release of
olatiles from the lava, are not interconnected (Freeze and Cherry, 1979). Therefore groundwater ﬂow through sequences
∗ Corresponding author at: GFZ German Research Centre for Geosciences, Section 5.3—Hydrogeology, 14473 Potsdam, Germany. Fax: +49 331 2881529.
E-mail  address: pemoe@gfz-potsdam.de (P. Möller).
http://dx.doi.org/10.1016/j.ejrh.2015.11.016
214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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of basalt ﬂows is anisotropic, mainly through cooling cracks and ﬁssures and through horizons of gravel and paleosoils
formed between different lava ﬂows during temporary cessation of volcanic activity. Perched water horizons are common
in phreatic basalt aquifers. Although primary porosity is insigniﬁcant, fractured basalts are permeable. The production from
wells in basalts is unpredictable; it may  yield either high or low volumes. Nevertheless, this type of basaltic-rock aquifer
is the only reliable source of water supply on volcanic islands (e.g., Canary Islands, Hawaii) and in areas covered by large
basaltic ﬂows such as the Columbia Plateau-, Paciﬁc Northwest-, Snake River Plain basalts USA (Miller, 1999), basalts of the
Blackburn Hills volcanic ﬁeld of western Alaska (Moll-Stalcup and Arth, 1991), the Upper Cretaceous to Eocene Deccan Traps
of India (Singhal and Gupta, 1999), the Atherton Tablelands, Australia (Locsey, 2004), the Early Jurassic basalts of the Karoo
Province, South Africa, the Middle Paleozoic to Mesozoic basalts of the Siberian Traps, Russia, and the Lower Cretaceous
Parana Volcanics of Brazil (Singhal and Gupta, 1999), the Mexican Trans-volcanic Belt (Edmunds et al., 2002), the Tertiary
basalts of the Gedaref Basin in eastern Sudan (Hussein and Adam, 1995), basalts of the Ethiopian Rift Valley (McKenzie et al.,
2001), the plateau basalts in north-eastern Jordan (Lloyd, 1965; Abu Jaber, 2001). In these areas basaltic aquifers are the
only reliable sources for water supply and large volumes of groundwater are withdrawn from them.
The distinction between different groundwater bodies ﬂowing in regional multi-aquifer systems, which include basalts
and over- or underlying aquiferous formations, is hydrologically challenging. Such multi-aquifer systems are widespread
in Israel, e.g., in the Lower Eastern Galilee, in the Yizre’el and Harod valleys (Rosenthal, 1988) and on the Golan Heights
(Dafny, 2003) (Fig. 1). In order to deﬁne the source of groundwater, it is necessary to deﬁne hydrochemical criteria which
would allow discerning between groundwater deriving from either volcanic or carbonate aquifers of origin. A different
case of problematic identiﬁcation is encountered in Israel, in areas which are part of the Jordan-Dead Sea Rift valley or are
adjacent to it. Large parts of these areas are covered by basalts from which groundwater is extracted (Fig. 2). These waters
are often characterized by equivalent ratios of Mg/Ca > 1. Such ratios (which are often encountered for water from volcanic
aquifers) also characterize certain brackish and saline waters and brines which had no “basaltic history” but are widespread
in the area. For purposes of regional water management, it is necessary to deﬁne chemical parameters which would enable to
distinguish and eventually separate between the two (chemically) resembling waters and deﬁne their origin and ﬂow-paths.
In previous papers, Rosenthal (1988) proposed to use Na/Cl and Mg/Ca values to distinguish between water deriving from
basaltic and carbonate aquifers. However, high Mg/Ca ratios were encountered in numerous groundwaters, prevalently from
brackish and saline sources absolutely unrelated to basalts. Additional parameters such as 34S in sulfate were suggested
to distinguish between sulfate of marine origin and oxidation of igneous sulﬁdes (Siebert et al., 2012). Rare earth (REE) and
yttrium (Y) distribution patterns (henceforth termed REY) were used to characterize the catchment lithology (Möller et al.,
2003; Siebert et al., 2014). REY and 34S information, however, are only available for recent analyses. To make use of the
wealth of old analyses without Br and REY concentrations and 34S of sulfate, the necessary information about the origin of
groundwater has to be extracted only from the major elements. Comparison of both REY interpretations and 34S of sulfates
is not always congruent with major element interpretation of the origin of groundwater because REY behave differently in
catchments and in aquifers (Möller et al., 2003; Tweed et al., 2006).
2. Geological setting
The Neogene northern basin (Picard, 1932) includes the Yizre’el-Harod-Bet She’an-Mehola valleys (henceforth referred
to as the Valley) and the Lower Galilee plateau (Fig. 1). It extends between the Carmel and Gilboa Mts. in the southwest, the
Upper Galilee in the north and the Jordan-Dead Sea rift in the east. According to Fleischer and Gafsou (2003), the original
structure of this basin (top Upper Cretaceous Judea Group as structural key horizon) is a deep NNE plunging syncline. The
formation of this basin is related with the opening of the Red Sea during the Late Oligocene or Early Miocene which caused
shearing along the Jordan valley-Arava/Aqaba lineaments (Quennell, 1956; Gvirtzman et al., 2010). It was  accompanied by
eruptions of alkali olivine basalts leading to the subsequent severance of Arabia from the African Plate (Hirsch, 2005). The
stratigraphic section of the basin includes the Middle Miocene Lower Basalt, the Upper Miocene Intermediate Basalt and the
Pliocene/Pleistocene Cover Basalts (Shaliv, 1991). The basaltic ﬂows and tuffs of the Lower Eastern Galilee and in the Valley
partially interﬁnger with ﬂuvio-lacustrine beds of the Hordos formation (Picard, 1943; Schulman, 1959). The sequence of
the Lower Basalts (K–Ar age 9–17.5 Ma)  attains the thicknesses up to 660 m,  whereas the thickness of the Cover basalts
(5.3–3.3 Ma)  is in the 150–200 m range (Shaliv, 1991; Eppelbaum et al., 2004). The Intermediate basalts (6.2–8.4 Ma)  do not
exceed a few tens of meters. The distribution of basalts is not restricted to the exposures in the Lower Galilee but were
identiﬁed by drilling and by geophysical explorations in the subsurface of the Valley (Rosenthal, 1980; Segev et al., 2006;
Meiler et al., 2011) (Fig. 2).
In the Golan Heights the alkali olivine basalts and other volcanic rocks of Plio–Pleistocene age comprise the Bashan Group
(Dafny, 2003). At the time of its eruption, the lava that formed the Bashan Group volcanics, a broad syncline, whose relief
was formed by tectonics and erosive processes, extended in the area between the Hermon anticline in the north and the
Ajloun anticline in the south (Fig. 1). The Bashan Group basalts covered unconformably the relief, ﬁlled the syncline and
created an elevated plateau. The total thickness of the volcanic sequence exceeds 524 m (Dafny, 2003). In 2013 a new well
was drilled to a depth of 600 m and did not reach to the bottom of the volcanic sequence. Most of the Bashan Group volcanics
are stratigraphically equivalent to the Cover Basalt and only its uppermost horizons are younger, i.e., of Quaternary age.
The Lower and Cover Basalts are separated by the Bira (Upper Miocene) and Gesher (Late Miocene to Early Pliocene)
Formations. The Bira Fm is a sequence of +350 m of clay, chalk, marl, gypsum and halite, rich in pyrite and organic matter
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eposited in shallow-marine and lagoonal environments during the gradually retreating Inland Sea (Hirsch, 2005). According
o Schulman (1962) the alternating brackish to hypersaline facies are indicative of the extreme changes in water salinity
haracterizing the events of the Messinian trans- and regression of the pre-Mediterranean seawater. The Gesher Formation
as deposited under continental conditions. Its thickness is in the 20–50 m range though it attains +100 m north of Argaman
rea (Schulman and Rosenthal, 1968) and about 160 m in the Zemah 1 drill core between the Cover Basalt and the top of the
vaporates (Marcus and Slager, 1985).
36 P. Möller et al. / Journal of Hydrology: Regional Studies 5 (2016) 33–47Fig. 2. Distribution of Lower and Upper Basalt (after Sneh et al., 1989). The colored symbols show the distribution of spring and groundwater with
Na/Cl > 1.05 and increasing constraints by decreasing Cl fractions. Yavniel 1 Sargonia is located near to Newe Ur.
3. Hydrogeologic setting
In Israel, groundwater of low-salinity ﬂows out from springs and is pumped from tuffs and scoria on the Golan Heights
and from two basaltic-rock aquifers in the Eastern Lower Galilee and along the northern margins of the Harod and Bet She’an
valleys. The total yearly amount is of the order of 20–25 Mm3. The chemistry of the groundwater is mostly characterized by
low salinities (30–80 mg  Cl/l) Na/Cl > 1 and variable Mg/Ca values (Rosenthal, 1988).
Brackish and saline groundwater occurs all over the Valley (Rosenthal, 1988). Later studies showed that the occurrence of
such groundwater is always proximal to faults, mainly to those branching out from the Rift into the Valley (Meiler et al., 2011).
Two hydrochemical types of saline water were identiﬁed: the Newe Ur type (with Mg/Ca > 1) and the Devora type (Mg/Ca < 1)
(Rosenthal, 1988). The brackish water of the Newe Ur type was encountered in numerous springs and in boreholes such as
Mehola 5 and Argaman 20-18/12. The hydrochemical end-member of this water type in the area was  found in well Newe
Ur T/2 drilled within the Rift valley, in a thick sequence of the Bira Formation. The well struck saline groundwater with
22 g/l Cl, Mg/Ca ratios of 2.8, and Na/Cl of 0.63. The brackish to saline water of the Devora type was originally identiﬁed in
several springs and wells in the Bet She’an and Mehola valleys. Waters of similar hydrochemical type were encountered in
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he thermo-mineral sources along the western coast of Lake Tiberias and in deep oil exploration boreholes (Rosenthal, 1988;
öller et al., 2014).
. Source of data
Data sources are from Rosenthal (1980, 1988) and Dafny (2003), from ﬁles of the Hydrological Service of Israel and
ublications of Möller et al. (2003, 2011, 2014) and Siebert et al. (2012, 2014). Only the recent analyses show Br, REY and
sotope data, while the old ones lack this information.
. Results
In the triangular plots of cations and anions of all waters from the study area, the northern basin and the Golan Heights,
over similar arrays without showing any visible differentiation between water from basalt and limestone aquifers (Fig. 3).
he comparison of groundwater from the Golan Heights and the northern basin suggests that the basalt-sourced waters
eem to be characterized by both low Cl− and SO4−2 concentrations.
Groundwater invaded by seawater or seawater-derived brines, should show Na/Cl ratios <0.87. When leaching evap-
rates Na/Cl∼=1 may  be reached. Considering uncertainties in analytics it is here assumed that all water with Na/Cl < 1.05
ay comprise groundwater from limestone aquifers s.l. Basalt-sourced water is expected to show Na/Cl > 1.05. With one
xception, all groundwater from the Golan shows Na/Cl > 1.05. In the triangular plots all samples showing Na/Cl > 1.05 are
ndicated by black circles. Again these waters cover the ﬁeld of all samples.
In the cross plots of the equivalent ratios Na/Cl vs Mg/Ca and Na/Cl vs the ratio of individual anions and their sum
henceforth termed anion fraction) of selected wells, the changes of individual anions in groundwater of the Alonei HaBashan
ell group on the Golan Heights show low Cl fractions <0.2, HCO3− of about 0.8, and Mg/Ca in the range of 1.2–1.4 (Fig. 4a).
his groundwater has the lowest Cl fraction of all considered well- and spring waters. Below Na/Cl of about 4 the Cl fraction
ends to increase and HCO3− fractions and Mg/Ca decrease. Groundwater from the wells of Mei  Eden (Golan Heights) shows
onstantly low Cl fractions of 0.23, HCO3− fractions of 0.75 and Mg/Ca ratio of 1.4–1.8 within the Na/Cl range of 1.7–2.7
Fig. 4b). In the northern basin, in well Kefar Kish 3, the Cl fractions increases, Mg/Ca scatters and tends to decrease but
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Fig. 4. Cross plots of Na/Cl vs Mg/Ca, and Cl-, sulfate- and bicarbonate fractions of groundwater from selected wells displaying the variability and inter-
relationship of these ratios. Kefar Kish 3, and Yavniel 1 Sargonia are representatives of the northern Rift Valley. The Alonei HaBashan group and Mei Eden
are  wells on the Golan Heights.Fig. 5. Time dependence of Na/Cl in groundwater from pumped wells in the northern basin.
mostly exceeds 1 with decreasing Na/Cl ratios (Fig. 4c). In well Yavniel 1 Sargonia the HCO3− fractions decrease and Mg/Ca
remains constant (Fig. 4d). Below Na/Cl of 1.2, Cl increases together with Mg/Ca.
Well and spring waters show varying compositions but systematic relationships to Na/Cl (Möller et al., 2014; Siebert
et al., 2014). Plotting the Na/Cl vs the sampling date reveals that Na/Cl decreases with time but with up and down due to
variable pumping (Fig. 5).
6. DiscussionThe chemical composition of groundwater comprises the results of water/rock interactions in the catchment area and in
the aquifer(s). From a chemical point of view these processes are fundamentally different. The precipitation is low in solutes
and, when contacting surface rocks or sediments, minerals dissolve either congruently or incongruently. Under the inﬂuence
of CO2 calcite saturation may  be soon achieved and most released trace elements undergo sorption onto adjacent mineral
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urfaces. The chemistry of inﬁltrating water with its solutes evolves further by interaction with the mineral components of
quifer rocks—in so far as mineral saturations allow it.
.1. Interaction of precipitation with limestones
Limestones are mainly composed of magnesian calcite but may  have been altered during diagenesis either to low-Mg
alcite or even to dolomite. They contain variable amounts of clay minerals, and sometimes quartz and feldspar. In Israel
nd Jordan limestones are enriched in Fe giving the rocks a yellowish to brownish taint. Inﬁltrating precipitation is probably
aturated in CO2 and therefore dissolves carbonates resulting in Ca–(Mg)–HCO3 water type (Eq. (1)). The enclosed seawater
r even evaporated seawater characterizing the sedimentary marine environment contribute to the solutes and may  turn
he water into a Na–Ca–Cl–HCO3 type. Dissolution of gypsum enhances SO42− concentrations. Ca concentration is controlled
y HCO3−, pCO2 and pH. In general, the pH is about 7–8.
CaCO3 + CO2 + H2O ⇔ Ca2+ + 2HCO3− (1)
Waters dissolving calcite is expected to be characterized by HCO3−/(Ca + Mg)∼=1 (Fig. 6a). The HCO3−/(Ca + Mg  + Na + K)
atio in water from limestones is less than 1 because of leaching residual seawater and/or evaporation brines enclosed in
imestones (Fig. 6b). Na/HCO3− is highly variable depending on mixing with Ca–Cl brines (high in Na but low in HCO3−)
nd dissolution of evaporates. Cl− and SO42− originate either from residual brines enclosed in the rocks or are leached from
vaporates. The ratio of 1000Br/Cl depends on the source ﬂuids from which the calcite originates namely either seawater
=1.57; McCaffrey et al., 1987; Raab, 1996) or evaporated seawater in which the ratio can be as high as 10. This ratio indicates
ixing with groundwater from the underlying, often conﬁned limestone aquifer. Contrastingly, leachates of evaporates show
ery low Br/Cl ratios.
Of particular interest in water/rock interaction is the suite of REY with their characteristic distribution patterns in ground-
ater dominated by interaction of precipitation with limestones. The resulting REY patterns of inﬁltrating precipitation areimilar to those of the reacting limestones. The concentration levels of REY in groundwater from limestones depend on the
iagenetic status of the limestones, their crystallinity varied by thermal alteration and by the presence of leachable tracer
inerals such as phosphates, and enclosed seawater or even evaporated seawater (Fig. 7a). The ratio of REY/Ca in limestones
nd associated groundwater is in the range of 300–1200 indicating the strong sorption of released REY (Siebert et al., 2012).
40 P. Möller et al. / Journal of Hydrology: Regional Studies 5 (2016) 33–47Fig. 7. Rare earth element distribution patterns in groundwater recharged over limestones (a) and basalts (b) normalized to C1 chondrite (McLennan,
1989). Localities are shown either in Fig. 1 or Fig. 2. Well AMH 69 is located in the Harod valley. The data for Ein Amal, AMH  69, Revaya, Shoqeq and
Qarnayim are taken from Siebert et al. (2012), for Alonei HaBashan from Siebert et al. (2014). The data for Kefar Kish 1 are unpublished.
Coprecipitation of REY during recrystallization of calcite also plays a signiﬁcant role in REY distribution between solution
and calcite precipitates (Tanaka et al., 2004).
34S of marine sulfates range from 20 to 25‰ (CDT) (Hoefs, 1997) (Fig. 8).
6.2. Interaction of precipitation with basalt
In the Golan Heights and in the Valley, basalts occur both as characteristic lithologies in replenishment areas and as
aquifer rocks. The rocks in replenishment areas imprint typical chemical features upon the inﬁltrating water. The alkali
olivine basalts are composed of olivine, plagioclase, sanidine, diopside, and biotite and surﬁcial weathering products such
as illite, montmorillonite, gibbsite, kaolinite, and alunite. Weathering of fresh alkali olivine basalt leads to Mg–HCO3− type
of water (Eq. (2)). Second in low stability is plagioclase causing the increase of Na (Eq. (3)). Ca is released from anorthite
(Eq. (4)) and minor from diopside (Eq. (5)). Cl is released from biotite, and SO4−2 results from oxidation of sulﬁdes. Not all
groundwaters are saturated with respect to calcite (Table 1).
Weathering of the silicates is expected to yield equal amounts of HCO3− and of the sum of equivalents of Mg,  Ca,
Na and K. Many samples from the Golan Heights ﬁt the ratio of HCO3−/(Ca + Mg)  of about 1 in Fig. 6c. The ratio of
HCO3−/(Mg + Ca + Na + K) is about 0.7 because the cations are not only balanced by HCO3− but also by Cl and sulfate (Fig. 6d).
(Mg, Fe)SiO4 + 2CO2 + 2H2O => Mg2+ + Fe2+ + 2HCO3− + 2OH− + SiO2 (2)
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Fig. 8. Correlation of 34S vs sulfate showing a bundle of tie lines representing mixing between sulfate from limestones and oxidation products of sulﬁdes
from  basaltic rocks.
Table 1
Comparison of spring and well water from the Golan Heights. Data are taken from the Archive of the Hydrological Service of Israel. Precipitation is an average
of  analyses given by Herut (1992) excepting the assumed SiO2. SiO2 values of Golan waters are the average of data given by Dafny (2003). Saturation indices
(SI)  are estimated by PHREEQC (Parkhurst and Appelo, 2014).
Dabesha spring Lehavot spring Shamir spring Well Alonei HaBashan Precipitation
4 5 8
Temp. (◦C) 20.5 18.7 20.5 22.2 19.3 21.8 20
pH  7.9 7.5 7.6 8 8.67 8.78 5.8
Ca  (mg/l) 27 40 23 9.9 9.8 4.6 3.2
Mg  (mg/l) 13.5 20 12.7 7.9 7.3 3.4 0.8
Na  (mg/l) 22 24 25 43.8 45 58 4.2
K  (mg/l) 2.7 4.8 4.1 4.3 0.5
Cl  (mg/l) 16.1 26.2 16.7 18 17 17 7.9
SO42−(mg/l) 6.7 9.4 5.3 4 5 5 10.3
HCO3− (mg/l) 168 225 164 150 146 151 6.0
SiO2 (mg/l) 80 80 80 80 80 80 8
SI  (calcite) 0.06 −0.11 −0.32 −0.28 0.32 0.14
Na/Cl 2.11 1.41 2.31 3.76 4.09 5.27
Mg/Ca 0.82 0.82 0.91 1.31 1.23 1.22
Na/HCO3− 0.35 0.28 0.40 0.77 0.82 1.02
E
e
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aHCO3−/(Ca + Mg)  1.12 1.01 1.22 2.15 2.20 4.86
HCO3−/(Ca + Mg  + Na + K) 0.81 0.78 0.82 0.77 0.76 0.79
(Na  + K)/(Ca + Mg)  0.39 0.31 0.50 1.77 1.89 5.16
NaAlSi3O8 + 2H2O + CO2 => Na+ + HCO3− + Al(OH)3 + 3SiO2 (3)
CaAl2Si2O8 + 2CO2 + 4H2O => Ca2+ + 2HCO3− + 2Al(OH)3 + 2SiO2 (4)
CaMgSi2O6 + 3CO2 + H2O => CaCO3 + Mg2+ + 2HCO3− + 2SiO2 (5)
Selected samples of spring and well water from the Golan Heights show signiﬁcant compositional differences (Table 1).
quivalent Na/Cl, Na/HCO3−, (Na + K)/(Ca + Mg)  and Mg/Ca values are lower in spring than in well water probably due to
nhanced weathering plagioclase and olivine in those parts of the basalts from which the springs are fed. The interaction of
recipitation with the alkali olivine basalt is studied by inverse modeling using PHREEQC with phreeqc.dat (Parkhurst and
ppelo, 2014). The resulting mass transfers show dominant dissolution of plagioclase (albite + anorthite) and formation of
ontmorillonite and calcite (Table 2). The dissolution of halite accounts for the leaching of accumulated dust and aerosols
nd during the dry season. Part of the released Mg  and most of OH− are consumed by formation of clay minerals.
The cross plots of HCO3−/(Ca + Mg)  vs HCO3−/(Ca + Mg  + Na + K) (Fig. 9) show that none of the analyses plot near to
CO3−/(Ca + Mg  + Na + K)∼=1, whereas most samples plot near to HCO3−/(Ca + Mg)∼=1. The plot shows a well-deﬁned lower
imit but is very diffuse for high ratios of HCO3−/(Ca + Mg). The enhanced HCO3−/(Ca + Mg)  values are caused by low
lkaline earth contents (Table 1). When in Fig. 9 the Cl fraction is successively constrained by lower values, the ratios
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Table 2
Mass transfers (mmol/kg) in inverse modeling of Lehavot spring and Alonei HaBashan 5 well water from precipitation applying PHREEQC with phreeqc.dat
database (Parkhurst and Appelo, 2014). Only models of lowest mass transfers are given in which plagioclase is involved. In addition to the given minerals
gibbsite, silica, kaolinite and alunite were include in modeling but yielded zero mass transfers.
Lehavot spring Alonei HaBashan 5 well
(mmol/kg) (mmol/kg)
Olivine 0.31 0.39 0.13
Albite  0.34 0.54 0.47 0.43 1.56 1.56 1.56
Anorthite 1.68 1.12 1.11 1.05 2.16 2.28 2.63
K-feldspar 0.06 0.09 0.09
Biotite  0.06 0.06 0.30 0.09
Diopside 0.62 0.27
Illite  −0.40
Ca-Montmorillonite −1.62 −1.22 −1.18 −0.82 −2.56 −2.67 −2.97
Calcite  −1.11 −1.57 −1.68 −2.24
Halite  0.52 0.33 0.39 0.44 0.21 0.21 0.21
CO2(g) 4.77 3.65 3.65 3.65 3.93 4.03 4.60Fig. 9. Cross plots of HCO3−/(Ca + Mg  + Na + K) and HCO3−/(Ca + Mg)  with various constraints in sorting analyses. Note the different scales of both coordinates.
HCO3−/(Ca + Mg  + Na + K) of water originating from basalts are in the range of 0.7–0.9. This does not mean that this is pure
“basaltic” water. Under the same constraints the cross plots of Na/Cl vs Na/HCO3− yield only few analyses with strong
−2signatures of basalt-sourced water (Fig. 10a,b) Assuming that groundwater with Na/Cl > 1.05, SO4 /anions < 0.1 and
Cl−/anions < 0.15 represents pure water from basaltic rocks, only t wells like Ein HaEmeq 1 Menashe 2 near Mt.  Carmel and
9 springs and 3 wells in the Golan Heights were identiﬁed. For these samples Mg/Ca values are plotted vs Na/Cl (Fig. 10c,d). It
is obvious that for about half of the samples Mg/Ca is less than 1. Only the waters with Na/Cl > 2.5 show exclusively Mg/Ca > 1.
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Fig. 10. Correlations of Na/Cl and Na/HCO3− of groundwaters with Na/Cl > 1.05 in the northern basin and the valleys (a) and the Golan Heights (b) with the
strongest features of weathering of basalts. For the same set of analyses, the relationship of Na/Cl and Mg/Ca is shown (c, d). It is evident that Mg/Ca is not
a  reliable criterion to distinguish between limestone and basalt-sourced groundwater. Localities of wells are shown in Fig. 1.
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1Fig. 11. Correlation of Na/Cl and (Na + K)/(Ca + Mg). All samples shown in Fig. 10 follow a common trend.
he plot of Na/Cl vs the ratio of alkali and alkaline earth elements reveals a strong relationship in the Golan which is also
ollowed by the few basalt-sourced waters from the northern basin (Fig. 11). In the Golan both spring (Fig. 9b) and well water
Figs. 10 b and 11) represent groundwater of basaltic origin. The compositional differences are explainable by different mass
ransfers due water/rock interaction (Table 2). The different interaction may  be caused by either differently composed basalt
ows or due to interaction of fresh and altered basalts. The Br/Cl values in basalt-sourced groundwater originate from pre-
ipitation, interaction of precipitation with catchment and aquifer rocks, e.g., basalts and limestones, or mixing with residual
eawater or its brines from underlying limestones. The average 1000Br/Cl in precipitation in Israel is about 49 (Herut, 1992),
hereas in Jordan it is about 10 (Salameh and Rimawi, 1988). This is explainable because precipitation over Israel cleanedhe clouds and thus Jordan got less mineralized rain fall. For comparison, in samples from the Canary Islands the ratios range
rom 1.7 to 6.7 (Herrera and Custodio, 2002). The mean of 1000Br/Cl in basalts range from 1.3 to 2.3 (Becker and Manuel,
972; Yoshida et al., 1971; Schilling et al., 1978). Analyses of stream water from basaltic areas in Israel yield 1000Br/Cl in the
44 P. Möller et al. / Journal of Hydrology: Regional Studies 5 (2016) 33–47
range of 1.0–1.5. The comparison of the above ratios suggests that the 1000Br/Cl values released from alkali olivine basalts
during interaction with inﬁltrating precipitation yield should exceed 2.
REY distribution of groundwater from basaltic rocks is largely controlled by weathering of olivine, plagioclase and biotite.
Tracer minerals such as phosphates may  also play a role. The REY patterns of groundwater (Fig. 7b) are distinctively different
from those of the basalts themselves (Möller et al., 2003, 2009). Under oxidizing conditions Fe(II) released by weathering of
basalt is precipitated as FeOOH scavenging REY (Bau, 1999; Kawabe et al., 1999; Quinn et al., 2004). This process preferentially
collects the intermediate REY leading to downward concave REY distribution patterns in groundwater. The coprecipitation
of REY with calcite is minor than by scavenging of REY by FeOOH because of the high Fe(II) content of the basalts. Thus, the
REY patterns allow distinction between recharge over outcrops of either dominantly basalts or limestones.
Unaltered basalts do not contain sulfate. The sulfate of groundwater from basaltic aquifers originates from igneous sulﬁdes
being oxidized to sulfate with 34S values of 0–5‰ CDT which is distinctively different from 34S of marine sulfates of about
20–25‰ CDT (Hoefs, 1997). The plot of 34S vs SO42− results in a bundle of mixing lines of groundwater originating from
weathering of basalts and limestones (Fig. 8). The concentration of SO42− in precipitation is about 10 mg/l (Table 1). The
concentration of SO42− in groundwater from basaltic rocks is less than that and shows 34S in sulfate < 5‰ (CDT), whereas
both parameters are high in groundwater deriving from limestones.
6.3. Interaquifer ﬂow between basaltic-rock and limestone aquifers.
Three situations are common in the study area: (i) Inﬁltration of precipitation through basalts into karstic limestones,
(ii) percolation of groundwater from conﬁned limestones aquifer into overlying basalts or (iii) lateral ﬂow from limestone
aquifers into basalt ﬂows due to tectonic settings.
6.3.1. Flow of groundwater from basaltic-rocks into limestones
While precipitation inﬁltrates through the basaltic cover into limestone aquifers (Fig. 12a), as a ﬁrst step it induces
weathering reactions in the basalt ﬁnally leading to calcite saturation of groundwater. REY abundance released from olivine
is very low and shows bowl-shaped-normalized patterns similar to those in Fig. 7b. REY released by dissolution of calcite
are highly adsorbed onto all kind of accessible surfaces. REY in groundwater are in stationary equilibrium with the sorbed
ones but not with the bulk of associated minerals. When this water percolates into a limestone aquifer at the beginning
some alteration of the patterns may  occur. If the water from the basaltic-rock aquifer is saturated with respect to calcite
only negligible amounts of calcite from limestones dissolve. With time the REY pattern of the water in the limestone aquifer
approaches that of the inﬁltrating water from the basaltic catchment. A stationary equilibrium is established between the
REY in water from the catchment and the adsorbed REY onto limestone surfaces. Thus, groundwater exploited from such
a limestone aquifer shows element ratios of major solutes that are typical for dissolved limestone but with REY pattern
indicating recharge over basalts. 34S of sulfate will show values between the typical marine signature and that of oxidized
sulﬁdes (Fig. 8).
6.3.2. Flow of groundwater from limestones into basaltic rocks
If groundwater from conﬁned limestone aquifers underlying a sequence of basalts penetrates into the fractured basaltic-
rock aquifer (Fig. 12b), two chemically and isotopically different types of water exist in the basaltic-rock aquifer, one on
top of the other, neglecting the mixing zone. In the upper zone in which replenishment from precipitation occurs, alkali
olivine basalt is being weathered, leading to the formation of Mg-rich type of water with REY pattern such as in Fig. 7b under
oxidizing conditions. In the underlying zone, the alteration proceeds by interaction with groundwater from a limestone
aquifer under reducing conditions. The main difference is that the high HCO3− content immediately enforces precipitation
of calcite at places of plagioclase decomposition, i.e., in tiny pores in which released REY are highly coprecipitated with
calcite in situ. Na and thereby pH increase but HCO3− decreases. As in the upper zone, Mg  and OH− may  be consumed by
formation of montmorillonite and illite. Scavenging of REY by FeOOH does not occur because of low redox potential in water
from limestones aquifers.
Considering dual porosity systems abstraction is favored by the macro porosity, whereas the alteration of minerals
proceeds mainly in micro pores. Thus REY patterns in groundwater from the lower zone in Fig. 12b show a strong signature
of the underlying limestone aquifer with respect to REY patterns (similar to Fig. 7a) but its macro chemistry is altered to
approach that of water from the basaltic-rock aquifer. If water is abstracted from the upper zone, the REY patterns indicate
the interaction only with the basalt. If the ﬁlter section of the casing is placed within the lower zone, a mix  of groundwater
from the limestone and basalt-rock aquifers is exploited.
7. Regional aspects
In areas of the Jordan valley built prevalently of calcareous rocks, only few groundwater analyses manifest strong indi-
cations of basaltic origin (Fig. 2), whereas in the Golan Heights springs and wells produce water originating from basalts.
Excepting the springs and wells in the Golan, there are almost no deep hydrogeological systems in which ﬂow groundwa-
ter which is exclusively recharged on basalts, with further inﬁltration and ﬂow through solely volcanic rocks and through
unique, volcanic outlets. The basaltic aquifers are recharged not only by direct precipitation on volcanic exposures but also
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tig. 12. Schematic recharge and inter-aquifer ﬂow of basalt-sourced groundwater into limestone aquifer (a) and limestone-sourced groundwater into
asaltic  aquifer (b). For discussion see text.
y surface ﬂow over exposed rocks which are either hard carbonates or alluvium containing – among others – carbonate
omponents. The same stands true for groundwater which circulates between basalt ﬂows through alluvial beds and through
aleosoils which were formed during temporary cessation of volcanic activity.
Notwithstanding the regional equivocal hydrogeological system, the use of REY distribution patters enable to conﬁrm
he existence of buried basalt ﬂows in the Central Jordan valley and in the Bet She’an areas (Möller et al., 2007; Siebert et al.,
014). In both areas, the existence of basalts buried under a thick veneer of alluvium was previously proved by seismic
urveys (Anker, 2007; Meiler, 2006). In the Bet She’an area, chemical analyses of groundwater enable to outline precisely
he replenishment areas of the Revaya well ﬁeld (Siebert et al., 2012). In wells Revaya 2, 5 and 6 and in the Revaya spring
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the chemistry of the water indicates clearly a basaltic signature which is related to the occurrence of widespread basalts in
the replenishment areas on the north-eastern part of Mt.  Gilboa.
As a rule, in most wells the composition of groundwater varies with time indicating mixing due to pumping (Fig. 5).
The time-bound changes of groundwater composition indicate that only the earliest analyses point to the presence of
groundwater from basaltic-rock aquifers. Later – and as the result of pumping – the decrease of Na/Cl suggests mixing with
groundwater from underlying limestone aquifers characterized by Na/Cl < 1. It also illustrates that the amount of water
originating from basalts is very small compared with that from karstic limestones.
8. Conclusions
There is no unequivocal parameter based on major solutes for identifying groundwater from basaltic-rock aquifers
because they are mostly invaded by groundwater from other lithologically different sources. Only the integral approach
which makes use of different chemical ratios of dissolved species, REY distribution patterns and 34S of sulfate enable to
identify “pure” groundwater from basaltic-rock aquifers.
Water from limestone and basalts are distinguishable in cross plots such as HCO3−/(Ca + Mg)  vs HCO3−/(Ca + Mg  + Na + K),
and probably Na/Cl vs Na/HCO3−, and Na/Cl vs (Na + K)/(Ca + Mg).
Typical water samples from basaltic-rock aquifers are those that show: Na/Cl > 1; Na/HCO3− < 1; SO42−-fraction < 0.1,
HCO3/(Ca + Mg  + Na + K) ≥ 0.7; 1000Br/Cl < 2.5; 34S of sulfate < 5‰ (CDT). Groundwater from basaltic catchments shows
bowl-shaped REY patterns.
The Mg/Ca ratios in water deriving from basalts vary between 0.5 to about 2.0. However, this range of ratios includes also
water derived from limestones. Starting from fresh rocks Mg  is dominant over Ca due to olivine decomposition. Only when
olivine is absent, Ca becomes dominant because of alteration of plagioclase and pyroxenes.
Indicative parameters for groundwater from limestones are: Na/Cl < 1; HCO3/(Ca + Mg)<1; HCO3/(Ca + Mg  + Na) < 0.7;
1000Br/Cl in the range of 1.6–10; 34S of marine sulfates range from 20 to 25‰ (CDT). REY distribution shows the patterns
which are in shape similar to those of limestones in the catchment.
Basaltic aquifers are recharged not only by direct precipitation on volcanic exposures but also by surface ﬂow over
exposed rocks which are either hard carbonates or alluvium containing – among others – carbonate components. The same
stands true for groundwater which circulates between basalt ﬂows through alluvial beds and through paleosoils which were
formed during temporary cessation of volcanic activity.
Groundwater in semi-arid regions in Israel is recharged over and exploited either from basalts or from calcareous rocks.
For reason of water management it is highly requested to know the recharge areas of the important aquifers and their
producing wells. For instance, in the Golan the springs and wells from the basaltic rock aquifer are different in composition.
All wells in the same aquifer produce mixtures of groundwater or pure groundwater from the underlying limestone aquifer.
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